Background: BQCA is a selective allosteric modulator of the M 1 mAChR. Results: Residues that govern BQCA activity were identified using mutagenesis and molecular modeling. Conclusion: BQCA likely occupies a pocket overlapping prototypical mAChR modulators and gains selectivity through cooperativity with orthosteric ligands. Significance: Understanding the structural basis of BQCA function can provide insight into the design of more tailored allosteric ligands.
G protein-coupled receptors (GPCRs) 5 mediate a multitude of biological functions in response to a variety of ligands, including hormones and neurotransmitters, and play essential roles in all physiological processes (1) . As such, GPCRs are important therapeutic targets for numerous diseases (2) . Given such importance, an understanding of the structural basis underlying ligand binding and activation of GPCRs is essential to design more effective therapies (3) . The recent surge in high resolution family A GPCR crystal structures (4) has provided new insights into the structural and functional diversity of this protein family. This knowledge, combined with information from computational, biochemical, and mutagenesis studies, has not only mapped out the location of orthosteric binding pockets but is starting to unravel the molecular changes that occur upon receptor activation and the mechanisms by which different ligands stabilize distinct conformational states (5, 6) .
The M 1 mAChR is a family A GPCR and is one of five mAChR subtypes for which acetylcholine (ACh) is the endogenous orthosteric agonist. The ACh binding pocket is formed by amino acids that are conserved across all five mAChR subtypes and shares structural homology with other functionally unrelated acetylcholine-binding proteins from different species (7) . Along with the M 4 mAChR, the M 1 mAChR is an attractive therapeutic target for the treatment of diseases in which cognition is impaired, such as Alzheimer disease and schizophrenia (8) . However, because of the highly homologous ACh binding pocket across subtypes, it has been challenging to develop drugs that are sufficiently subtype-selective to avoid undesired activity at other mAChRs. This has spurred intensive efforts to discover allosteric ligands that act at topographically distinct regions on these receptors (9) with more potential to confer subtype selectivity. Despite the wealth of information obtained from GPCR crystal structures, challenges remain in understanding the mode of binding and action of such small molecule allosteric modulators (9) . High resolution structures of family A GPCRs bound to allosteric modulators are only starting to be solved (10) , and even then the dynamic mechanisms contributing to modulator binding, receptor activation, and transmission of cooperativity between orthosteric and allosteric sites cannot be readily captured in a single structure.
The conserved ACh-binding site in mAChRs is located in the top third of the transmembrane helical bundle of the receptor with ACh contacting inward-facing residues in ECL2 and TMIII-VII (7, 11) . In particular, TMIII contains a number of residues that have been implicated in both binding and activation mechanisms of the mAChRs and plays a central role as a structural and functional hub of many GPCRs (1) . Accumulated evidence also points toward the existence of a "common" allosteric binding pocket utilized by structurally diverse mAChR allosteric modulators (12) (13) (14) . This site is located within an extracellular "vestibule" and includes residues from both ECL2 and the extracellular regions of TMII and -VII (12, 13) . Interestingly, we recently demonstrated that LY2033298, an allosteric modulator originally described as being a "selective" positive allosteric modulator for ACh at the M 4 mAChR, can also occupy this conserved allosteric pocket at the M 2 mAChR, where it exerts cooperative behavior with alternative orthosteric agonists, such as oxotremorine M, but not with ACh (14) . Such probe dependence highlights the fact that selectivity of allosteric agents can actually be attained through two mechanisms, namely the differences in the allosteric site between receptor subtypes or the differences in cooperativity upon binding to a common allosteric site.
With regard to the M 1 mAChR, several selective ligands have been discovered in the past few years (15) . Among these, benzylquinolone carboxylic acid (BQCA) is a novel example of a highly selective positive allosteric modulator of ACh binding and function at the M 1 mAChR, displaying very low affinity but a remarkably high cooperativity with ACh (16 -18) . The unprecedented subtype selectivity of BQCA thus suggests two potential scenarios as follows: (i) that BQCA binds to a completely different site than other mAChR allosteric modulators or (ii) that BQCA achieves subtype-selective cooperativity upon interaction with a conserved or overlapping allosteric site. In this study, we aimed to resolve this issue by site-directed mutagenesis of residues previously shown to be important for orthosteric, allosteric, or bitopic (dual orthosteric-allosteric) ligand binding at either the M 1 mAChR or other mAChR family subtypes. Importantly, we also applied an analytical approach, based on the operational model of agonism (19, 20) , to elucidate the effects of the introduced mutations on ligand binding versus signaling versus transmission of cooperativity. By doing so, we present new evidence for differential effects of distinct receptor regions on each of these molecular properties at the M 1 mAChR. Cell Culture and Receptor Mutagenesis-Mutations of the c-Myc-hM 1 mAChR sequence were generated using the QuikChange site-directed mutagenesis kit (Agilent Technologies, La Jolla, CA). All mutations were confirmed by DNA sequencing (AGRF, Australia). Mutant c-Myc-hM 1 mAChR DNA constructs were transfected into FlpIn CHO cells (Invitrogen) and selected using 0.2 mg/ml hygromycin for stable expression.
EXPERIMENTAL PROCEDURES

Materials
Whole Cell Radioligand Binding Assays-To facilitate a more direct comparison between parameters derived from the analysis of cell-based functional assays (see below), radioligand binding experiments were performed on whole cells rather than membrane preparations. Saturation binding assays were performed using cells plated at 10 4 cells per well in 96-well Isoplates (PerkinElmer Life Sciences). The following day cells were incubated with the orthosteric antagonists [ 3 H]QNB or [ 3 H]NMS in a final volume of 100 l of HEPES buffer (10 mM HEPES, 145 mM NaCl, 1 mM MgSO 4 ⅐7H 2 O, 10 mM glucose, 5 mM KCl, 2 mM CaCl 2 , 1.5 mM NaHCO 3 , pH 7.4) for 2 h at room temperature. For competition binding assays, cells were plated at 2.5 ϫ 10 4 cells per well. The following day, cells were incubated in a final volume of 100 l of HEPES buffer containing increasing concentrations of the competing cold ligand CCh (in the absence or presence of increasing concentrations of BQCA) for 4 h at 4°C (to avoid potential confounding effects of competing agonist ligands on receptor internalization while ensuring reactions reach equilibrium) in the presence of 0.3 nM [ 3 H]QNB or [ 3 H]NMS. Nonspecific binding was defined in the presence of 100 M atropine. For all experiments, termination of the assay was performed by rapid removal of radioligand followed by two 100-l washes with ice-cold 0.9% NaCl buffer. Radioactivity was determined by addition of 100 l of Microscint scintillation liquid (PerkinElmer Life Sciences) to each well and counting in a MicroBeta plate reader (PerkinElmer Life Sciences).
IP-One Accumulation Assays-The IP-One assay kit (Cisbio, France) was used for the direct quantitative measurement of myoinositol 1-phosphate (IP 1 ) in FlpIn CHO cells stably expressing either WT or mutant hM 1 mAChRs. This is a competitive immunoassay that measures the homogeneous timeresolved fluorescence signal transferred between a cryptate-labeled IP 1 -specific monoclonal antibody and d 2 -labeled IP 1 . The fluorescence signal measured is inversely proportional to the concentration of native IP 1 .
Briefly, cells were seeded into 384-well proxy-plates at 7,500 cells per well and allowed to grow overnight at 37°C, 5% CO 2. The following day, cells were stimulated with CCh in IP 1 stimulation buffer (HEPES 10 mM, CaCl 2 1 mM, MgCl 2 0.5 mM, KCl 4.2 mM, NaCl 146 mM, glucose 5.5 mM, LiCl 50 mM, pH 7.4) in the absence or presence of increasing concentrations of BQCA and incubated for 1 h at 37°C, 5% CO 2 . Cells were lysed by the addition of homogeneous time-resolved fluorescence reagents, the cryptate-labeled anti-IP 1 antibody, and the d 2 -labeled IP 1 analog prepared in lysis buffer, followed by incubation for 1 h at room temperature. The emission signals were measured at 590 and 665 nm after excitation at 340 nm using the Envision multilabel plate reader (PerkinElmer Life Sciences), and the signal was expressed as the homogeneous time-resolved fluorescence ratio: F ϭ ((fluorescence 665 nm /fluorescence 590 nm ) ϫ 10 4 ). Experiments using WT M 1 mAChR CHO FlpIn cells were performed in parallel each day.
Computational Methods for the Model of the Ligand-Receptor Complex-The sequence of the hM 1 mAChR was retrieved from the Swiss-Prot database. ClustalX software (21) was used to align the hM 1 mAChR sequence with the crystal structure of the nanobody-stabilized active state of the human ␤ 2 adrenoreceptor (Protein Data Bank code 3P0G) (22) . Ballesteros-Weinstein numbering was used for residues in the TMs (23) .
The structural model of the receptor was built using the Modeler Version 9.12 suite of programs (24) , which yielded 10 candidate models. The conserved disulfide bonds between residues Cys-98 3.25 at the top of TMIII and the cysteine in the middle of the ECL2 as well as the one between Cys-391 6.61 and Cys-394 7.29 in ECL3 present in the template structure were also built and maintained as a constraint for geometric optimization. The best structure was selected from these candidates, according to the Modeler Discrete Optimized Protein Energy (DOPE) assessment score and visual inspection. The resulting receptor structure was optimized using the Duan et al. (25) force field and the general Amber force field, and HF/6 -31G*derived restrained electrostatic potential atomic charges were used for the ligands (26) .
Docking of the ligands was performed with MOE (Molecular Operating Environment, Chemical Computing Group, Inc.). CCh was docked manually into the receptor model with the protonated nitrogen interacting with Asp 3.32 and the carbamate group situated toward TMVI resembling the position of the ligands described in the mAChR crystal structures (Protein Data Bank code 3UON (7) and Protein Data Bank code 4DAJ (11)). The allosteric binding site of BQCA was generated using the Alpha site finder. Dummy atoms were created from the obtained ␣ spheres. BQCA docking was carried out using the Induced Fit protocol, with Alpha PMI placement and Affinity dG rescoring. One main BQCA pose was obtained at an allosteric site comprising residues from ECL2, ECL3, TMII, and TMVII at the extracellular surface of the M 1 mAChR. The lowest energy conformation of this pose was selected and subjected to an energy minimization using MMFF94X force field. Molecular dynamics (MD) simulations of the final complex was performed with NAMD2.9 (27) package using the protocol described previously (28) .
Data Analysis-All data were analyzed using Prism 6.01 (GraphPad Software, San Diego). Inhibition binding curves between [ 3 H]QNB or [ 3 H]NMS and unlabeled ligands were fitted to a one-site binding model (29) . Binding interaction studies with allosteric ligands were fitted to the following allosteric ternary complex model, Equation
where Y is percentage (vehicle control) binding; B max is the total number of receptors; [A], [B] , and [I] are the concentrations of radioligand, allosteric modulator, and the orthosteric ligand, respectively; K A , K B , and K I are the equilibrium dissociation constants of the radioligand, allosteric modulator, and orthosteric ligand, respectively. ␣Ј and ␣ are the binding cooperativities between the allosteric modulator and radioligand and the allosteric ligand and orthosteric ligand, respectively. Values of ␣ (or ␣Ј) Ͼ1 denote positive cooperativity; values Ͻ1 (but Ͼ0) denote negative cooperativity, and values ϭ 1 denote neutral cooperativity. Concentration-response curves for the interaction between the allosteric ligand and the orthosteric ligand in the various functional signaling assays were globally fitted to the following operational model of allosterism and agonism, Equation 2 (20) ,
where E m is the maximum possible cellular response; [A] and [B] are the concentrations of orthosteric and allosteric ligands, respectively; K A and K B are the equilibrium dissociation constant of the orthosteric and allosteric ligands, respectively; A and B are operational measures of orthosteric and allosteric ligand efficacy, respectively; ␣ is the binding cooperativity parameter between the orthosteric and allosteric ligand, and ␤ denotes the magnitude of the allosteric effect of the modulator on the efficacy of the orthosteric agonist. In many instances, the individual model parameters of Equation 2 could not be directly estimated via the nonlinear regression algorithm by analysis of the functional data alone, due to parameter redundancy. To facilitate model convergence, we therefore fixed the equilibrium dissociation constant of each ligand to that determined from the whole cell binding assays. This practice assumes that the affinity determined in the whole cell binding assays is not significantly different from the "functional" affinity operative at the level of the signaling assay, which may not always be the case (31) , and thus may lead to a systematic error in the estimate of the operational efficacy parameter, . However, because only a single pathway (IP 1 ) is being considered, the relative differences between values remain valid for statistical comparison purposes. All affinity, potency, and cooperativity values were estimated as logarithms (32) , and statistical comparisons between values were by one-way analysis of variance using a Dunnett's multiple comparison post test to determine significant differences between mutant receptors and the WT M 1 mAChR. A value of p Ͻ 0.05 was considered statistically significant.
RESULTS
To identify the location of the binding pocket of BQCA and to gain insight into its molecular mechanism of allosteric modulation at the M 1 mAChR, residues from distinct locations within the receptor were mutated to alanine ( Fig. 1 ). This includes residues previously shown to be important for orthosteric, allosteric, or bitopic ligand binding at either the M 1 or other mAChR subtypes (18, (33) (34) (35) .
Effects of Amino Acid Substitutions on the Binding of Orthosteric Ligands at the M 1 mAChR-Whole cell [ 3 H]NMS
saturation binding experiments showed that the majority of the mutations led to a significant reduction in cell surface receptor expression compared with the WT ( Table 1 ). The maximum decrease in receptor expression relative to WT was 3-fold at F374 6.44 A. In agreement with previous reports (36, 37) , no [ 3 H]NMS binding was detected when residues Tyr-106 3.33 , Trp-157 4.57 , Tyr-381 6.51 , or Val-395 were mutated to alanine. For these mutant receptors, [ 3 H]QNB was used as the alternative radioligand.
In addition to receptor expression, the equilibrium dissociation constant of orthosteric antagonists [ 3 H]NMS or [ 3 H]QNB (pK A ) or the orthosteric agonist CCh (pK I ) were significantly altered for a large number of mutants ( Fig. 2 and Tables 1 and  2 ). Most notably, and in agreement with previous studies (33, 37, 38) , alanine mutation of the TMII residues Tyr-82 2.61 or Tyr-85 2.64 , and the conserved orthosteric site residues Trp-101 3.28 , Leu-102 3.29 , Asp-105 3.32 , Tyr-106 3.33 , Trp-157 4.57 , Thr-189 5.39 , or Thr-192 5.42 caused significant reduction in the equilibrium dissociation constants of both CCh and the radiolabeled antagonist used ( Fig. 2 and Tables 1 and 2 ). Mutation of Leu-183 in ECL2 or Val-395 in ECL3 also led to significant decreases in the affinities of both ligands. Consistent with previous findings showing that the Tyr-381 6.51 residue is able to discriminate between different mAChR antagonists (39, 40) , we found that Y381 6.51 A completely abolished [ 3 H]NMS binding, although it showed unaltered affinity for [ 3 H]QNB. Several mutations showed differential effects between the binding of the radioligand and CCh. F182A and E397 7.32 A caused significant reduction in [ 3 H]NMS affinity but had no effect upon the affinity of CCh, whereas I180A and W400 7.35 A only decreased CCh affinity. Mutation of the highly conserved aromatic resi-dues Phe-374 6.44 and Trp-405 7.40 as well as the ECL2 residue Gln-181 resulted in substantially enhanced CCh binding affinity, with F374 6.44 A also displaying reduced [ 3 H]NMS binding. Mutation of Phe-374 6.44 and Trp-405 7.40 to alanine has been previously shown to cause constitutive receptor activity, which is likely to account for the increase in CCh affinity (38, 40 -43) . Alanine substitution of Tyr-179, Ser-184 5.32 , Lys-392, and Glu-401 7.36 did not impact the affinity of either agonist or antagonist. Overall, the change in pK A of the radiolabeled antagonists tracks with changes in CCh pK I for the majority of mutations 
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tested (Fig. 2) . Those that showed the most divergent effects include Y381 6.51 A in the orthosteric pocket, causing a marked decrease in CCh affinity but not that of [ 3 H]QNB and Q181A, F374 6.44 A, and W405 7.40 A that caused an increased affinity for CCh.
Effect of Amino Acid Substitution on BQCA Affinity and on the Transmission of Binding Cooperativity with CCh at the M 1 mAChR-The orthosteric binding pocket is formed by amino acids that are fully conserved across all five mAChR subtypes (7) . However, although the importance of these residues for orthosteric ligand binding has been demonstrated in numerous studies and confirmed in our results, less is known about the role of these residues in the actions of allosteric ligands. Mutation of Trp 3.28 at the M 2 and M 4 mAChRs led to a significant reduction in affinity of the allosteric modulator LY2033298 and its binding cooperativity with ACh (14, 33) . To determine whether BQCA behaves in a similar manner to LY2033298 at the equivalent residue in the M 1 mAChR, we performed equilibrium binding studies for the interaction between CCh and BQCA at W101 3.28 A, as well as at other orthosteric pocket residues. An allosteric ternary complex model (Equation 1) was applied to the data to obtain estimates of BQCA affinity at each mutant (pK B ), and its binding cooperativity with CCh (log ␣) (representative examples of the analysis for different constructs are shown in Fig. 3 , and all results are summarized in Fig. 4 ).
We found that the cooperativity of BQCA with CCh at W101 3.28 A, L102 3.29 A, or T192 5.42 A was not significantly different when compared with the WT receptor estimates ( Fig. 4 and Table 2 ). Although these residues do not form direct contacts with orthosteric ligands, they have been described to constitute a "second shell" that stabilizes the primary binding pocket (3, 44) . Interestingly, mutation of orthosteric binding site residues substantially affected the ability of BQCA to modulate CCh affinity; binding cooperativity with CCh was completely abolished at Y106 3.33 A, W157 4.57 A, and Y381 6.51 A and was significantly reduced at D105 3.32 E and T189 5.39 A (Figs. 3D and 4 and Table 2 ). In addition, V395A, which displayed a reduction in affinity for [ 3 H]QNB and CCh similar to that of orthosteric site residues, also caused a significant reduction in binding cooperativity between BQCA and CCh ( Table 2 and Fig. 4 (bottom panel) ). No pK B estimates for BQCA could be derived from the analysis of the binding interaction data of Y106 3.33 A, W157 4.57 A, or Y381 6.51 A due to the lack of allosteric modulation. The pK B of BQCA was significantly lower than WT at L102 3.29 A and D105 3.32 E but was unchanged at the remaining orthosteric site mutations (Fig. 4 (top panel) and Table  2 ). These results suggest that residues that form direct contacts with the orthosteric ligand (7) also play a role in the transmission of cooperativity from the allosteric binding site of BQCA.
Equilibrium binding studies for the interaction between CCh and BQCA were also performed on residues previously described to participate in the allosteric modulation of mAChRs. Alanine ; for this analysis, the pK A of the radiolabeled antagonist for the WT and each of the mutant receptors was constrained to the values listed in Table 1 . The cooperativity between BQCA and the radioligand was constrained to Ϫ2, consistent with high negative cooperativity between the two ligands. FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6071 substitution of the TMII residues had no affect on the binding cooperativity between BQCA and CCh (Table 2 ). However, alanine substitution of the ECL2 residues Tyr-179, Gln-181, and Phe-182 significantly reduced the binding cooperativity, with Tyr-179 having the most profound effect (Fig. 3, B and C, and Table 2 ). The cooperativity was unaffected at the remaining ECL2 residues I180A, L183A, and S184A (Table 2 ). However, although I180A did not have a significant effect on cooperativity, it had significant opposing effects on the affinities of CCh and BQCA, with a decrease in the former and an increase in the latter (Figs. 2 and 4 and Table 2 ).
Mutation of the glutamate residues Glu-397 7.32 and Glu-401 7. 36 , which have been implicated in the binding of allosteric ligands at the mAChRs (34, 45, 46) , also caused significant reduction in the binding cooperativity ( Table 2 ). Alanine substitution of the conserved Trp-400 7.35 residue in TMVII led to complete loss of allosteric modulation even at the highest concentrations of BQCA ( Fig. 3E and Table 2 ) confirming the importance of this residue for the binding of allosteric ligands at the M 1 mAChR (18, 40, 47) and suggesting that this is likely to be a residue with which BQCA directly interacts.
Alanine substitution of the conserved aromatic residues Phe-374 6.44 or Trp-405 7.40 also led to substantial reductions in the binding cooperativity ( Fig. 3F and Table 2 ). Interestingly all three mutations (Q181A, F374 6.44 A, and W405 7.40 A) that led to an increase in CCh affinity also caused an increase in BQCA affinity and a reduction in the binding cooperativity between the two ligands ( Figs. 2, 3F, and 4 and Table 2 ). The pK B estimates obtained from the binding interaction studies at the remaining mutants were not significantly different from WT ( Fig. 4 and Table 2 ). Overall, the binding interaction studies revealed a significant correlation between the changes in affin- Table 2. ities of CCh and BQCA (Fig. 5 ). Additionally, these data show that residues located in both the putative allosteric and the orthosteric pockets are conformationally linked and contribute to the transmission of binding cooperativity.
Effects of Mutations on Ligand Efficacy and on the Transmission of Functional Cooperativity between CCh and BQCA-To
investigate the effects of the selected mutations on the ability of BQCA to modulate signaling efficacy, we determined the concentration-response profile for CCh in the absence and pres-ence of increasing concentrations of BQCA using IP 1 accumulation as a canonical measure of M 1 mAChR activation resulting from preferential activation of G␣ q G proteins. The potency (pEC 50 ) and maximal agonist effect (E max ) parameters for CCh in the absence of modulator are shown in Table 3 . As agonist potency is determined by affinity, signaling efficacy, and receptor density, we applied an operational model of allosterism (Equation 2 (20) ) to estimate the effect of each mutation on the operational efficacy (log ) of CCh and BQCA without the confounding influence of affinity. The estimated log values were then corrected for changes in receptor expression and are summarized in Fig. 6 and Table 4 . Additionally, analysis of the data with Equation 2 allowed for the estimation of the overall functional allosteric interaction between CCh and BQCA at each mutant (denoted by the parameter log ␣␤).
As summarized in Fig. 6 (representative examples in Fig. 7) , the majority of the M 1 mAChR mutations led to a significant reduction in the signaling efficacy of CCh (log A ). Not surprisingly, the most prominent effects were seen for the orthosteric site residues in TMIII, W157 4.57 A in TMIV, and Y381 6.51 A in TMVI, consistent with reduced CCh affinity at these mutants and their importance for orthosteric ligand binding (3) . No change in log A was detected at residues for which CCh displayed higher affinity (Q181A, F374 6.44 A, and W405 7.40 A). Interestingly, our analysis indicated that the CCh log A was significantly larger than WT at V395A in ECL3, despite a significant reduction in CCh binding affinity (Figs. 2 and 6 and Tables 1 and 2). BQCA agonism was not detected at any of the mutants with the exception of F374 6.44 A (log B 0.55 Ϯ 0.10) and W405 7.40 A (log B 0.25 Ϯ 0.06), where log B was not significantly different to WT (log B 0.38 Ϯ 0.05) (Fig. 7) . Table 2 . FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9
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A common finding was obtained from the interaction studies between BQCA and CCh at the orthosteric site mutations that substantially impaired CCh signaling (W101 3.28 A, L102 3.29 A, D105 3.32 E, Y106 3.33 A, W157 4.57 A, and Y381 6.51 A). As opposed to the loss of cooperativity between the two ligands seen in the binding interaction studies for the majority of these mutant receptors ( Fig. 3D and Table 2 ), BQCA was able to rescue CCh function ( Fig. 7D and Table 4 ). An analogous "rescue" of ACh function by LY2033289 has been described at equivalent TMIII residues in the M 4 mAChR (33, 48) . This finding indicates that a key part of the mechanism for the positive cooperativity mediated by BQCA on the orthosteric agonist involves a global drive of the receptor toward an active conformation.
The majority of mutant residues that displayed reduced binding cooperativity (log ␣) between CCh and BQCA also caused a reduction in functional cooperativity (log ␣␤) between the two ligands ( Fig. 8) . These include the three residues that showed enhanced affinities for CCh and BQCA (Q181A, W405 7.40 A, and F374 6.44 A), F182A in ECL2 (Fig. 7, C and F) , T189 5.39 A in TMV, and the two glutamate mutants E397 7.32 A and E401 7.36 A. The three residues mutated in TMII (Y82 2.61 A, T83 2.62 A, and Y85 2.64 A) and L183A in ECL2 caused significant reductions in functional cooperativity despite their lack of effect on binding cooperativity between CCh and BQCA ( Fig. 8 and Table 4 ), indicating that these residues are likely to play a role in the transmission of functional cooperativity alone. In contrast, the log ␣␤ between BQCA and CCh at V395A was unchanged, despite significantly reduced binding cooperativity ( Fig. 8 and Table 4 ). Consistent with the findings of Ma et al. (18) , modulation of CCh efficacy was absent at Y179A and W400 7.35 A (Figs. 7, B and E, and 8) . These results suggest that Trp-400 7.35 and Tyr-179 are likely to be residues with which BQCA directly interacts.
Molecular Dynamics Simulations and Ligand Docking-Ligand docking and molecular dynamic simulations were subsequently performed to rationalize our findings. This resulted in one main pose of BQCA in the predicted allosteric site.
The obtained complex for BQCA and CCh bound to the modeled M 1 mAChR is shown in Fig. 9A . CCh forms the established salt bridge between the cationic nitrogen and Asp-105 3.32 and is fixed in a hydrophobic pocket formed by residues Tyr-106 3.33 in TMIII, Trp-157 4.57 in TMIV, Tyr-381 6.51 in TMVI, and Tyr-404 7.39 and Tyr-408 7.43 in TMVII (Fig. 9B ). This is a signature network of interactions in cationic amine receptors (7, 11, 49) , rhodopsins (51) , and the adenosine A 2A receptor (52) . Moreover, the orthosteric site is further flanked by the H-bonds formed between Tyr-106 3.33 and Tyr-381 6.51 , which adds stability to the binding pocket (3), and together with Tyr-404 7.39 and Tyr-408 7.43 formed an aromatic lid separating the orthosteric and allosteric pockets. The aromatic ring of Trp-157 4.57 appears to form ainteraction with Tyr-106 3.33 (Fig. 9B) , and it has been shown to form direct contact with the aromatic ring of the antagonist QNB (7) .
The analysis of the MD trajectories shows the interaction of BQCA with residues located in the allosteric binding site (Fig.  9C ). This binding site is defined by residues from TMII, TMVII, and ECL2 and is in agreement with our binding and functional studies; in particular, significant effects of the mutation of Tyr-179 in ECL2 and Trp-400 7.35 in TMVII can be reconciled with this pose. Tyr-179 is predicted to contribute to the stability of BQCA binding via formation of hydrophobic/edge-to-face - 
TABLE 4 Operational model parameters for the functional allosteric interaction between CCh and BQCA at the WT and mutant M 1 mAChRs measured using IP 1 accumulation
Estimated parameter values represent the mean Ϯ S.E. of three experiments performed in duplicate. Log A and log ␣␤ values were obtained from analyses of functional interaction data according to Equation 2 . For this analysis, the pK I and pK B values for CCh and BQCA, respectively, were fixed to those determined from the radioligand binding assays as listed in Table 2 . interactions with both the bicyclic 4-oxoquinoline core and the benzylic pendant of BQCA. Similarly, Trp-400 7.35 is predicted to make ainteraction with the benzylic pendant. In this model, Glu-397 7.32 also constrains this moiety of BQCA through a hydrophobic interaction, essentially forming a lid over this part of the allosteric binding site. Tyr-85 2.64 and Tyr-82 2.61 are predicted to delimit the allosteric site via extra edgeto-face -/hydrophobic interactions with the 4-oxoquinoline ring system (Fig. 9C ). Although the former residue only affected the functional cooperativity between BQCA and CCh, it has been found to be an important contact residue for prototypical allosteric modulators at the M 2 mAChR (13) . Mutation of an adjacent residue at the M 4 mAChR (I93 2.65 T) was found to be important for the transmission of cooperativity between ACh and LY2033298 (34), suggesting a contribution of this residue to a conserved allosteric pocket within the mAChR family. Fig.  10 shows the global movements of the ECLs and TMs as well as the movements of the residues to accommodate the binding of BQCA. These include the rotation of the aromatic side chains of Trp-400 7.35 (Fig. 10, inset) and Trp-405 7.40 that may be facilitating the accompanying shifts in the nearby TMVII residues Glu-397 7.32 and Glu-401 7.36 to constrain BQCA into the observed pose. The binding of BQCA also causes subtle movements in the ECLs; the most significant of these appear to be in ECL2 where the aromatic side chains of Tyr-179 and Phe-182 both move closer to BQCA, whereas Gln-181 adopts a horizontal position away from the ligand accessible cavity. These results support our finding that mutation of Glu-397 7.32 , Glu-401 7.36 , Tyr-179, and Phe-182 lead to reduced cooperativity between BQCA and CCh and that mutation of Gln-181 enhances the binding affinity of both ligands. Table 4 ) with the affinity of each ligand at each mutant fixed to the value determined from separate binding studies ( Table 2) . 
DISCUSSION
BQCA demonstrates a number of unique properties relative to previously described allosteric ligands of the mAChR family, including an exquisite selectivity for M 1 mAChRs over other subtypes and a mechanism of action that appears in strict accordance with a two-state model of receptor activity, such that it is a positive modulator of agonists but a negative modulator of antagonists/inverse agonists (16, 17) . Moreover, the compound is active in vivo (18, 53) , providing proof of concept for the validity of allosteric targeting of M 1 mAChRs in the treatment of CNS disorders, and it has been the focus of numerous structure-activity studies (15, 54) aimed at improving its "druggability" and affinity. However, it is now apparent that allosteric modulators can achieve selectivity by more than one mechanism, i.e. at the level of structural divergence of an allosteric pocket across GPCR subtypes or via selective cooperativ- ity at a given subtype despite acting at a "conserved" allosteric site (14) . The latter paradigm is best exemplified by the mAChRs, in which are all characterized by an extracellular vestibule that can be recognized by structurally diverse allosteric ligands (12, 13) . To better understand the basis of the selectivity of BQCA, we combined mutagenesis with mathematical and molecular modeling to identify potential structural contributors to its binding pocket and its ability to allosterically modulate the binding and signaling of the prototypical orthosteric agonist CCh.
Although no affinity values could be obtained for BQCA at residues where allosteric modulation was abolished (Tyr-106 3.33 , Trp-157 4.57 and Tyr-381 6.51 and Trp-400 7.35 ), our study identified residues of the M 1 mAChR that contribute to the following: (i) the binding affinity of the modulator; (ii) the cooperativity between the modulator and the orthosteric agonist CCh; (iii) the ability of the modulator to drive the receptor into an active state, and (iv) enhancement of the binding affinity of BQCA.
Alanine substitution of a number of residues from various regions in the receptor caused a decrease in the cooperativity between BQCA and CCh in binding and functional interaction studies ( Figs. 4 and 8 and Tables 2 and 4 ). Such reductions in cooperativity resulted either from mutation of residues that form the proposed allosteric binding pocket or residues conformationally linked to the allosteric site and thus needed for the transmission of cooperativity or receptor activation upon ligand binding. Our MD simulations support this hypothesis and the experimental findings. As shown in Fig. 9 , the proposed BQCA pocket is topographically distinct from the orthosteric binding site, and these two sites are separated by a shelf of aromatic residues. The residues that are predicted to form the BQCA binding pocket, mainly from ECL2 (Tyr-179), TMII (Tyr-85 2.64 ), and TMVII (Trp-400 7.35 ) or those whose mutation to alanine cause significant decreases in cooperativity (Phe-182, Glu-397 7.32 , and Glu-401 7.36 ), are equivalent to residues that have been implicated in the binding of several allosteric ligands at mAChRs, as follows : (i) the action of gallamine and the allosteric antagonist MT7 at the M 1 mAChR (40, 47); (ii) the action of LY2033298 at the M 4 mAChR (34), and (iii) the action of C 7/3 -phth, gallamine, alcuronium, McN-A-343, alkane-bisammonium, and caracurine V-type allosteric modulators at the M 2 mAChR (13, 35, 42, (55) (56) (57) .
The only residue in the proposed BQCA binding pocket that leads to complete loss of modulation in both functional and binding assays is Trp-400 7. 35 . This suggests that theinteraction of the benzylic pendant of BQCA and the aromatic side chain of Trp-400 7.35 makes either a major contribution to BQCA binding and/or maintaining the structure of the local binding pocket of BQCA. Other residues, such as Tyr-179, Tyr-82 2.61 , and Tyr-85 2.64 , while predicted in our MD simulations to interact with BQCA, appear to have a predominant role in the transmission of BQCA's modulator action on orthosteric ligands such that their mutation to alanine impairs the transmission of cooperativity but does not lead to a significant loss of binding affinity. Of interest, a recent molecular dynamics study identified two binding centers in the extracellular vestibule of the M 2 mAChR, each defined by a pair of aromatic residues (center 1, Tyr-177 ECL2 and Trp 7.35 ; center 2, Tyr 2.61 and Tyr 2.64 ) (13) . It is noteworthy that we identified these residues as key contributors for the binding and function of BQCA. Furthermore, Tyr 2.64 and Trp 7. 35 are conserved across all mAChR receptor subtypes; Tyr 2.61 is conserved across all but the M 3 mAChR (where it is replaced by a similarly aromatic phenylalanine residue), and Tyr-179 is only present at the M 1 and M 2 mAChRs but is a phenylalanine at the M 3 and M 4 mAChRs. This is consistent with BQCA sharing a common binding site with other prototypical mAChR allosteric modulators. Glu-397 7.32 and Glu-401 7.36 are not conserved across the mAChR family and were predicted by our modeling experiments to make minimal interaction with BQCA. Mutation of these residues had no effect on BQCA binding affinity but decreased cooperativity with CCh. This suggests that such residues may govern the subtype-specific cooperative effect of BQCA upon orthosteric ligand binding from a conserved allosteric pocket.
The observation of a correlation between the change in CCh binding affinity (pK I ) and BQCA binding affinity (pK B ) is entirely consistent with our previous description of the mechanism of BQCA within the confines of a strict two-state model ( Fig. 5 ) (17) . Furthermore, the finding that the orthosteric site residues shown in Fig. 9B lead to complete loss (Y106 3.33 A, W157 4.57 A, and Y381 6.51 A), or significant reduction (D105 3.32 A) in the binding cooperativity between CCh and BQCA is a striking example of a conformationally linked mechanism for the transmission of cooperativity. The efficacy of CCh was severely reduced when each of these residues was mutated, but this was "rescued" by BQCA. Furthermore, these additional functional interaction data confirmed the ability of BQCA to bind to this set of mutant receptors, a conclusion that could not be drawn from the binding data alone. This highlights the importance of using both binding and functional assays to characterize the effect of mutations upon allosteric ligand function.
Given that an analogous observation was made for the action of the positive allosteric modulator, LY2033298, at a functionally impaired M 4 mAChR double mutant containing the Y113 3.33 C (48) or the D112 3.32 E mutation (33), our results indicate that BQCA may share similarities in mechanism of action and may bind to a site that is spatially conserved between the M 4 the M 1 mAChRs. However, the very high selectivity of BQCA for the M 1 mAChR (as opposed to LY2033298 that acts at both the M 2 and M 4 mAChRs) indicates that although the allosteric sites of these two ligands share some epitopes, they may engage additional distinct residues either in their mode of binding or transmission of cooperativity to the orthosteric site.
In addition to regions of the receptor that were primarily important for the binding of BQCA and transmission of cooperativity, we also identified mutations that caused a significant enhancement in the affinities of both CCh and BQCA (Q181A, F374 6.44 A, and W405 7.40 A). Previous studies have reported increases in CCh affinity at Q181A (36, 40) , whereas others have reported constitutive receptor activity when residues 6.44 and 7.40 are mutated to alanine (41, 43) . The movement of the side chain of Phe 6.44 is coupled to an outward movement of TMVI upon ␤ 2 -adrenergic receptor activation (58) , and it has been reported to be a microswitch in GPCR activation (50) . It FEBRUARY 28, 2014 • VOLUME 289 • NUMBER 9 JOURNAL OF BIOLOGICAL CHEMISTRY 6077 has also been suggested that Trp-405 7.40 restricts thermal motions of the extracellular domain of TMVII of mAChRs (3) .
Structure-Function Analysis of M 1 Receptor Allostery
In summary, we have identified key regions in the M 1 mAChR that are involved in the binding and signaling of CCh and BQCA, and in the transmission of cooperativity between the orthosteric and an allosteric binding site. We propose that some of the structural determinants of these effects are analogous to those of other family A GPCRs, but the unique selectivity of BQCA arises from the additional involvement of nonconserved residues (e.g. Glu-397 7.32 and Glu-401 7.36 ) and/or selective cooperativity with agonists at the M 1 mAChR. Therefore, our results provide further understanding of the structural basis of allosteric modulation that may be of general application to GPCR drug discovery and that can help guide the more rational design of allosteric ligands that target this distinct site. In particular, they challenge an important concept often associated with allosteric targeting of GPCRs, namely that selective modulators gain subtype selectivity through their binding to a site that is not conserved across a receptor subfamily. Rather, as highlighted in our study, selective cooperativity via interaction with a conserved allosteric site is also possible. Given the increasing number of GPCR crystal structures now being solved, it should thus be appreciated that structure-based drug design using in silico screening for novel allosteric modulators will not, in and of itself, guarantee a desired level of selectivity without complementation by additional structure-function approaches as described herein.
